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INTRODUCTION 
Numerical models simulating magnetic flux leakage (MFL) phenomenon in 
ferromagnetic materials are nonlinear in nature and hence require excessive computational 
effort. This paper describes an approach for developing an equivalent linear model (ELM) 
where the ferromagnetic region is appropriately partitioned into different domains with 
each domain being assigned a constant permeability value depending on the magnetization 
level and the flaw size. The nonlinear behavior of the multi-layered object is then modeled 
using a linearized MFL model. The model is first validated and then applied to the flaw 
detection problem in a rail geometry. 
Nonlinear models are required to accurately simulate magnetostatic nondestructive 
evaluation (NDE) systems. The computational burden to implement such methods is 
excessive. Linear models, though computationally efficient, are incapable of providing 
sufficient accuracy in many cases. This is particularly true in situations where the test 
specimens are subjected to high field levels and the operating points vary widely in 
different regions of the specimen. 
A typical MFL NDE setup is shown in Figure 1, where the leakage flux is detected 
along the surface of the specimen. Analysis of field distribution in the domain of interest 
shows that regions close to a flaw and perpendicular to the applied field direction operate 
at levels that are close to saturation. In contrast, regions close to a flaw but along the 
applied field, operate at lower magnetization levels. The operating 2~ints in the two 
regions depend on the external magnetization level and flaw geometry. Although it is 
relatively straightforward to simulate the process using a 3D nonlinear model (NLM) [1], it 
requires a time consuming iterative approach. This paper proposes a novel method to 
model the MFL test situations. The ferromagnetic region is partitioned into different 
domains with each domain being assigned a constant permeability value. The field values 
are then computed using an equivalent linear model (ELM). The accuracy of the approach 
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depends on the following two factors: (a) The manner in which the regions are partitioned 
and, (b) The appropriate value of the permeability assigned to each individual domain. 
Each of these procedures are described bellow. 
PARTITIONING OF THE FERROMAGNETIC SPECIMEN 
Consider the half section of a simple geometry shown in Figure 2. The test specimen 
consists of a ferromagnetic bar with a rectangular defect. The specimen can be excited by 
passing a DC current through it, or by employing an external magnetizing yoke. The latter 
approach, as shown in Figure 1, was used in this study. Figure 3 shows a flux density 
profile, for a rectangular flaw, at a layer of elements directly beneath the surface that is 
predicted by a 3D nonlinear FE model. The magnetization characteristic of the material is 
shown in Figure 4. 
The following observations were made about the permeability (11) distribution in the 
volume of the specimen: (I) The permeability values in the region close to the flaw that is 
perpendicular to the applied field are lower because the regions are saturated in the 
presence of the flaw. (2) The permeability values are, however, higher in the vicinity of 
the flaw, along the direction of the applied field, due to the fact that the regions in front 
and rear of the flaw have lower flux density. This results in increased permeability in these 
regions. (3) The permeability values in the regions away from the flaw are almost uniform, 
and depend on the applied field level and the magnetization characteristics. Figure 5 shows 
a distribution of the permeability at the layer corresponding to the distribution of the 
density shown in Figure 3. 
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Fig. I A magnetic flux leakage (MFL) test setup with external magnetization. 
Fig. 2 Half section of a simple geometry with a rectangular surface flaw in the center. 
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Fig. 3 Flux distribution in the specimen at a layer of elements beneath the surface . 
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Fig. 4 Magnetization characteristic curve of the ferromagnetic specimen. 
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Fig. 5 Permeability distribution in the specimen at the layer of elements beneath the surface. 
In other words, the ferromagnetic specimen can be partitioned into three permeability 
regions, as shown in Figure 6, with the regions close to flaw and along the applied field 
direction (Region 1) having higher permeability; regions close to flaw but perpendicular to 
the applied field direction (Region 2) having lower permeability; and regions elsewhere in 
the specimen (Region 3) having a permeability value based on the magnetization level. 
The dimensions of each domain depend on both the flaw size and the applied 
magnetization level. 
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Fig. 6 Segmentation of the constant-permeability regions. 
THE EQUIVALENT LINEAR MODEL 
The ELM proposed in this paper uses multi-layered constant permeability regions to 
approximate the nonlinear behavior of the specimen. The major problem in the 
development of the ELM involves the estimation of the dimensions ofthe domain defined 
by Regions 1,2, and 3 and the corresponding permeability values Ill' ~ and 1l3' or Ilb' Il. 
and Iln. 
A semi-empirical procedure for deriving the model structure and calculating the 
corresponding model parameters of the ELM in the case of a small rectangular flaw in a 
ferromagnetic block is described. 
Consider two paths shown in Figure 7, between the boundary faces, one, including the 
flaw region and the other, away from the flaw. Since the magnetic potentials across the 
two paths are equal, then, 
Ix k + (Wx - Ix) k 
= 
Wx 
'flOl Ph 2 -,x;; 
i.e. , Wx = 
/-In(k1/-lh- k2/-l0) t 
/-lO(/-lh - k2/-ln ) X· 
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(1) 
Fig. 7 Top-view of the segmented specimen. Fig. 8 Cross-sectional view of flaw. 
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As can be seen from Figure 8, according to the law of flux continuity, the dimensions of 
Region 2, Wyand W,' are proportional to the flaw dimensions f , f, and to the 
magnetization level. It is also seen that these dimensions decreise as the flaw thickness f 
x 
increases. Therefore, the dimensions Wyand W z can be approximated by the following 
equations: 
Wy = k3 Brfy 
Wz = k4 Briz 
(2) 
(3) 
where fx' fy and f, are the flaw dimensions shown in Figure 2, k3 and k4 are proportionality 
constants, and Br is the applied field in Tesla on the boundary faces. 
The constants kl' k2, k3' k4 and the permeabilities I1h (Region 1), I1s (Region 2) and I1n 
(Region 3) are obtained using an empirical method. Based on the observations of the flux 
density distribution and the spatial variations of the permeabilities, the following 
anisotropic, semi-empirical relations for the dimensions of the constant permeability 
regions and the value of the permeability in each region were derived. 
k1 = 0.0075/ [Br ( 1 + Ix)] 
k2 = 0.92 / (1 + Ix)2 
k3 = l.4(1 +Ix) 
k4 = l. 2 (1 + Ix) 
(4) 
(5) 
(6) 
(7) 
The permeability values, from the magnetization curve shown in Figure 4, were 
determined to be: 
f-l h = 400 f-lo 
f-ls = 175 f-lo / B~ 
f-ln = f-ll B=Br 
where 110 is the permeability in free space and all dimensions are in inches. 
VALIDATION STUDIES 
(8) 
(9) 
(10) 
In order to evaluate the approach, flaw signals generated by the ELM were compared 
with those predicted by the NLM. A 3D scalar potential based FE MFL model was used 
and all three components of the leakage flux signals were compared. Validation studies 
were conducted with defects of varying length, width, and depth using a variety of 
magnetization levels. The leakage flux was obtained at varied liftoffs ranging from 0.02" 
to 0.18". Results to date indicate that the ELM and NLM results compare well, for a 
limited range of narrow cracks. 
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Fig. 9 Flaw signal Bx predicted by ELM. Fig. 10 Flaw signal By predicted by ELM. 
557 
Figures 9, 10 and 11 show profiles of all the three components of the flaw signals for a 
rectangular defect (0.2" x 0.25" x 0.25"). The segmentation of permeability in the three 
regions at the layer of elements directly beneath the specimen surface, shown in Figure 12, 
compares well with that predicted by the NLM shown in Figure 5. 
The differences between the ELM flaw signals and the NLM predictions are small, and 
are shown in Figures 13, 14 and 15. 
The validation studies were conducted also for a range of magnetization levels and 
defect dimensions. Figure 16 shows a comparison of the peak leakage flux signals B" 
(tangential component along the applied field direction), By (normal component) and Bz 
(tangential component perpendicular to the applied field) as the magnetization level, Br, 
changes from 1.0 T to 1.6 T for a defect of size 0.002" x OS' x 0.3125". 
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Fig. 11 Flaw signal Bz predicted by ELM. 
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Fig. 13 Errors in ELM prediction forB". 
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Fig. 15 Errors in ELM prediction for Bz . 
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Fig. 12 Permeability segmentation for ELM. 
Fig. 14 Errors in ELM prediction for By' 
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Fig. 16 Peak flaw signals vs. magnetization. 
Figure 17 shows a comparison of the three components as the depth of the defect, fy' 
changes from 0.0" to 0.5" under a constant magnetization level (Br = 1.4 T). Figure 18 
shows similar comparison as the width of the flaw, fx' changes from 0.0" to 0.2" when Br = 
1.4 T. The ELM is seen to be applicable for a wide range of flaws without a substantial 
loss of accuracy. In case of a narrow slot of size 0.12" x 0.5" x 0.3125" under a 
magnetization level of Br = 1.6 Tesla, the NLM predictions of the the peak leakage flux 
values are: Bx = 251.7 gauss, By = 187.5 gauss and Bz = 38.18 gauss. The corresponding 
ELM predictions are 261.5, 195.7 and 33.18 gauss respectively. The constant single J.! 
linear model (SLM) predictions are 175.6, 127.9 and 39.84 gauss respectively, 
demonstrating significantly closer agreement between the ELM and NLM over a more 
simplified constant J.! model. 
APPLICATION TO A RAIL GEOMETRY 
Safety of train transportation depends closely on the integrity of rails. The probability 
of detection (POD) [3] of the structural damage in steel rails using MFL detection methods 
for embedded subsurface cracks was studied. Figure 19 shows a rail geometry with two 
embedded subsurface cracks that are 0.25" beneath the rail surface and 0.0004" in width. 
The modeling was done assuming that only the top portion of the rail was magnetized. 
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Fig. 17 Peak flaw signals vs. flaw depth. 
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Fig. 18 Flaw signals vs. flaw width. 
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Fig. 19 Half section of symmetry of the rail geometry with embedded subsurface flaws. 
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Fig. 20 Flaw signal Bx on the rail surface. Fig. 21 Comparison of NLM, ELM & SLM. 
The ELM developed in equations (l) to (l0) was applied. However, for the case of the 
subsurface embedded flaws, some simple modifications were required in order to account 
for the higher Il in Region 2. Here equation (9) was modified to Ils = 0.9IliBr°.5. Figure 
20 shows the profile of the flaw signal, Bx' along the surface of the rail where the scanning 
surface is along the points A, B, C and D. Predictions of the peak flaw signals by the 
NLM, ELM and SLM are compared in Figure 21. The ELM results compare much better 
than the SLM results with the prediction of the full nonlinear model (NLM). 
CONCLUSIONS 
A semi-empirical equivalent linear model for magnetostatic nondestructive evaluation 
has been developed. Results obtained to date indicate that the proposed approach offers 
significant savings in computational effort without loss of accuracy. Extension of the 
model to a rail geometry demonstrates applicability of the approach to industrial 
geometries. The model is especially useful for POD calculations where several thousand 
simulations of the model are required to be performed. Future work will include 
optimization of the model, with respect to both structure and parameters. 
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